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Doping control is the most important technology for any semiconductor system.
In spite of significant progress in the doping of SiC, advancements are needed in the
growth techniques and dopant incorporation. During processes such as Chemical Vapor
Deposition (CVD), hydrogen is known to be trapped at defects or impurities and to alter
the electrical properties of the material. This effect is known as “hydrogen passivation”.
In addition to the observed hydrogen passivation of shallow impurities in SiC
crystals, it is important to know whether, and how, hydrogen present in the epi – reactor
can passivate doping impurities during growth of the material. Variations in hydrogen
incorporation can affect the net doping density and make process control difficult. This
makes it essential for technologists to understand the process of hydrogen passivation and
its effects on the doping concentration in the crystal.

To understand this phenomenon, a process has been developed to intentionally
hydrogenate SiC crystals by striking a hydrogen plasma using the Reactive Ion Etching
(RIE)

System

in

the

Emerging

Materials

Research

Laboratory

at

MSU.

Photoluminescence (PL) and Capacitance – Voltage (CV) were used to determine the
effect of hydrogen incorporation on dopants in the SiC crystal lattice. Crystal annealing
was performed at 1000 o C using the Thermco Oxidation Furnace to drive hydrogen out of
the lattice (a process referred to as “de- hydrogenation”). PL and CV measurements were
taken to look for changes in the hydrogen concentration as well as free carrier
concentration, respectively.
Experiments conducted during this thesis research were successful in
incorporating hydrogen and then driving it out of the lattice. CV profiling did not indicate
a considerable change in free carrier concentration, probably because of the shallow
diffusion depth of hydrogen in the SiC lattice. More reliable characterization techniques
such as Secondary Ion Mass Spectrometry (SIMS) are required to get a clear picture of
the doping densities of all chemical species present in the lattice at the end of each
processing stage. However, resources did not permit this to be conducted during this
preliminary work. As a result of this research, a process for hydrogenating and dehydrogenating the SiC lattice has been developed to permit more extensive future studies.
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CHAPTER I
INTRODUCTION
SiC Overview
Silicon is the material dominating the electronics industry today. Silicon Carbide
(SiC), however, has superior properties for power devices as compared to silicon. In
recent years, activity in silicon carbide (SiC) device development has increased
considerably due to the need for electronic devices capable of operation at high power
levels and high temperature. The main strength of silicon carbide is that it can resist high
field strengths, it offers better heat-conducting capacity than copper at room temperature
and it has a large energy band gap, which means that electrical components continue
functioning even when the mercury starts climbing. With very high thermal conductivity
(~ 5.0 W/cm), high saturated electron drift velocity (~ 2.7 x 107 cm/s) and high
breakdown electric field strength (~ 3 MV/cm), SiC is a material of choice for high
temperature, high voltage, high frequency and high power applications [1]. Table 1.1 lists
some electrical properties of the most common SiC polytypes in comparison to that of Si
and GaAs [2].
1
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The most important SiC property of all is the large bandgap, which is nearly three
times larger than that of silicon. The large S-C bonding energy makes SiC resistant to
chemical attack and radiation. Silicon carbide belongs to a class of semiconductors
commonly known as wide band gap semiconductors, where conventional semiconductors
like Si and GaAs cannot adequately perform under extreme conditions. The wider band
gap of SiC also enables one to design smaller, higher density devices that will withstand
high voltages. Also, the thermal conductivity of SiC (4.9 W/cm-K) is much larger than
that of Si and GaAs and is a major advantage for SiC – based devices. The high thermal
conductivity of SiC decreases the need for special packaging and system cooling for
successful device operation [2].
Table 1.1. Comparison of properties of SiC with Si and GaAs at room temperature [2]

Si

GaAs

6H-SiC 4H-SiC

3C-SiC

Bandgap (eV)

1.1

1.42

3.0

3.2

2.3

Breakdown field @1017 cm-3 (MV/cm)

0.6

0.6

3.2

3.0

>1.5

Electron Mobility @1016 cm-3 (cm2 /V-s)

1100

6000

370

800

750

Saturated Electron Drift Velocity (cm/s)

107

107

2 x 107

2 x 107

2.5 x 107

Thermal Conductivity (W/cm-K)

1.5

0.5

4.9

4.9

5.0

Hole Mobility @ 1016 cm-3 (cm2 /V-s)

420

320

90

115

40

Silicon Carbide occurs in many different crystal structures (called polytypes,
which is a condition known as polytypism) with each crystal structure having its own
unique electrical and optical properties. The difference between the polytypes is the
staking order between the double layers of carbon and silicon atoms. In fig 1.1, the
stacking sequence is shown for the three most common polytypes 3C, 4H and 6H-SiC. If
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we designate a Si-C atom pair in an A-plane in a close packed lattice as A, and in the Bplane as B, and in the C-plane as C, then we can generate a series of lattice unit cells by
variation of SiC plane stacking sequence along the princip al crystal axis (Fig 1.1).
For ABCABC… stacking, we generate the 3C-SiC zinc-blende lattice, and for
ABAB… stacking, we generate the 2H-SiC wurtzite lattice. Other stacking sequences,
such as ABACABAC.. will generate 4H-SiC; and ABCACB… will generate 6H-SiC.
The number of atoms per unit cell varies from polytype to polytype, significantly
affecting the number of electronic energy bands and vibrational branches possible for a
given polytype. This diversity in electronic and vibrational band structures profoundly
affect the physical properties of the different polytypes. Some of these differences are
listed in Table 1.1.

Fig 1.1 Stacking sequence of the most common polytypes of SiC.
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Doping in Silicon carbide
The material advantages of silicon carbide are being exploited in the development
of high power and high temperature semiconductor devices. However, in order to achieve
the theoretically calculated advantages, advancements are needed in the growth
techniques and dopant incorporation [3]. For a pure semiconductor the concentration of
free holes and electrons is a function of thermal energy which determines the percentage
of broken covalent bonds in the material. For an intrinsic semiconductor, the free electron
concentration (n) and the free hole concentration (p) are equal (i.e., np = ni2 where ni is
the intrinsic carrier concentration). The electron and hole concentration may be
manipulated by adding a certain amount of impurity atoms to the semiconductor crystal
in a process called doping. By introducing impurities with a different number of valence
electrons, the number of available charge carriers in the semiconductor can be varied. An
important consequence of doping is the creation of intermediate energy levels in the
forbidden region because of the impurity atoms present in the host lattice.
Doping control is the most important technology for any semiconductor system.
Epitaxy growers can control carrier densities in semiconductors by substituting foreign
atoms (i.e., dopants) for host (i.e., lattice) atoms during growth. The difference in
valencies between the dopant and host atoms provides excess mobile carriers. If an
impurity atom has an extra valence electron than the host atom, it is called donor doped
or an n-type semiconductor because of the excess free electrons. If the impurity atom
contains less valence electrons than the host lattice, an electron vacancy or hole is created
in the crystal lattice and is called acceptor doped or a p-type semiconductor.
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EAh =(0.19-0.23) eV
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Fig 1.2 Band structure of n-type (left) and p-type (right) 4H-SiC showing the split energy
levels due to the varying crystal symmetry.
In the band structure picture (see Fig 1.2), impurity states are created much closer
to the conduction band in the case of n-type (donor) doping and much closer to the
valence band in the case of p-type (acceptor) doping. Donors donate electrons to the
conduction band whereas acceptors accept electrons from the valence band, thus creating
holes in the valence band. In either case, it is easy to liberate electrons (or holes) for
conduction at low thermal energy, provided the activation energy of the dopant levels is
on the order of 3 kT [32]. The holes are positively charged with charge +q since a hole is
really the absence of an electron of the charge –q. Holes can move through the crystal,
since a nearby electron can jump into a hole, filling it up, but leaving a hole nearby. Such
materials are called p-type semiconductors, because it is the positive charge (hole) that
can be viewed as a quasi – particle which can move freely in the material.
Doping in Silicon Carbide may be performed during epitaxial layer growth or
after crystal growth by ion implantation. Ion implantation is more selective in nature but
of lower quality than doped epilayers due to crystal damage created during ion
bombardment. Typically, the first step in making silicon carbide semiconductor devices
is to grow epitaxial layers using a process called chemical vapor deposition (CVD),
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which allows single – crystal layers (called epitaxial layers or “epilayers”) of varying
electrical conductivity to be grown. The silicon carbide epilayers are produced in the
CVD process by thermally decomposing silicon and carbon source gases (called
precursors) onto boule – derived SiC substrates. The electrical character is changed by
adding dopants, impurity elements that affect the epilayer electrical properties as just
described, during the CVD SiC epilayer growth by flowing either nitrogen (for n-type) or
trimethylaluminum and/or boron (for p-type) material.
Control over dopant incorporation in CVD SiC epilayers has been very limited
[3]. Dopant incorporation during the growth of SiC epilayers must be understood and
reliably controlled. Site competition epitaxy is a recent development for the control over
dopant incorporation for both aluminum and boron (both p-type) and nitrogen (n-type)
doped epilayers [4]. It has greatly helped in increasing the doping range and doping
reproducibility of CVD SiC epilayers. This has also led to improved device performance,
which includes high voltage diodes and high temperature JFETS [3].
Site competition epitaxy has been successfully used for the control of B, Al and N
doping, partly because Al substitutes for Si – sites and N substitutes for C – sites in the
SiC lattice. In contrast, boron has been reported to substitute for both the carbon and
silicon sites of the SiC lattice [4]. As previously mentioned, site – competition epitaxy is
a dopant control technique based on appropriately adjusting the ratio of Si to C within the
growth reactor to effectively control the amount of dopants incorporated substitutionally
into the SiC crystal lattice. Nitrogen donor atoms are believed to occupy only the C –
sites for densities below 1020 cm-3 whereas aluminum acceptor atoms occupy only Si –
sites in the SiC lattice [4]. In order to utilize the site – competition dopant control
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technique, it must first be determined whether a specific dopant occupies either the C –
site or the Si – site. As stated earlier, boron has been reported to occupy both the C and Si
sites [4] but experiments by Yankin et al indicate that boron preferentially occupies the Si
– site of the SiC lattice. In summary, the nitrogen donor concentration in the grown
epilayer is proportional to the Si/C ratio during epilayer growth, whereas the aluminum
and boron acceptor concentration is inversely proportional to the Si/C ratio [3].
Although site competition epitaxy is an effective means of dopant control, it
involves changing precursor gas flo w conditions during epi growth to vary the dopant
levels. This can lead to difficulties over control of unintentional impurities, making it
difficult to control and achieve a desired epilayer thickness. The other method of doping
Silicon Carbide is selective doping after epitaxial layer formation. Selective doping of
SiC is accomplished by ion implantation, since diffusion coefficients of aluminum and
nitrogen are so low that thermal diffusion in SiC is impractical [5]. Diffusion in SiC at
such high temperatures (>1800o C) produce significant surface damage and no dielectric
masking layer is available. Therefore, ion implantation is the only selective area doping
technique available for the fabrication of planar SiC integrated circuits [6].
Successful fabrication of implanted layers in SiC depends on the proper choice of
post – implant anneal conditions. Implant activation can be accomplished by a high
temperature anneal. The anneal temperatures typically range from 1200 – 1800o C. If the
anneal temperature is too low, the implanted ions are only partially activated, and the
crystalline defects created by the implant damages are not completely removed [7]. On
the other hand, if the temperature is too high, the SiC surface restructures and becomes
much rougher (called “step bunching”), which makes the wafer useless for device
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fabrication [7]. The available process window depends on a wide variety of factors,
including SiC polytype, implant species, implant and anneal temperatures, and capping
material or gas ambient used during the anneal process [7].
To preserve the surface morphology at these anneal temperatures, the samples
may be encapsulated in a silicon carbide crucible during annealing [7]. Electrical
activation of nitrogen implants of greater than 50% has been achieved for doping
concentrations up to around 1018 cm-3 [6]. For higher implanted dopant concentrations,
the electrical activation decreases significantly. Activation of p-type dopants is reported
to be even lower [6]. The high dose nitrogen implant that is typical for source and drain
contacts results in amorphization of the SiC surface, yet requires anneal temperatures in
excess of 1500o C. Such high temperature anneals preclude fabrication of structures such
as polysilicon – gate self – aligned MOSFET’s because the polysilicon – gate and the
oxide cannot withstand such high temperature [6]. To minimize amorphization during
implantation, the implantation process is usually carried out at elevated temperatures
(650o C for nitrogen and up to 1100o C for aluminum [5]).
Ion Engineering Research Institute Corporation in Japan has tried simultaneous
short – wavelength pulsed laser annealing during ion implantation (SLII) as an alternative
technique for hot implantation. They reported that implantation – induced damage in SiC
can be reduced by short wavelength pulsed laser annealing. The short wavelength pulsed
laser annealing process is a non – thermal equilibrium process and can be carried out at
RT or lower temperatures.
Researchers at the Emerging Materials Research Laboratory, Mississippi State
University, have developed and reported a successful process of using silicon
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overpressure, provided by silane in a CVD reactor [shown in Fig 1.3] during the implant
anneal, to prevent destruction of the silicon carbide surface [8].

Fig 1.3 100 mm Chemical Vapor Deposition (CVD) Reactor in Emerging Materials
Research Laboratory, MSU, used both to grow epilayers and activate ion implanted SiC
material [33].
Ion Implantation generates crystallographic defects (vacancies, interstitials, etc.)
which can serve to form complexes with donors and acceptors in the lattice. Chapter 2
discusses more about this phenomenon and what these complexes might look like. One
specific complex, which is the topic of study in this thesis, involves the incorporation of
hydrogen in the SiC lattice at a dopant atom site in the crystal.
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Overview of Hydrogen Passivation of Silicon Carbide
The specific physical and electronic properties of silicon carbide make it one of
the promising semiconductors for use in electronic devices, especially those applications
where operation at high power, extreme temperature, or high radiation levels is needed.
Many of these applications require the growth of thick, high quality epitaxial layers with
controlled doping concentrations and carrier lifetimes. This has led to significant progress
in the technologies for both bulk and epitaxial growth in the past few years. During
processes such as chemical vapor deposition (CVD), hydrogen in known to be trapped at
defects or impurities and to alter the electrical properties [9]. This effect is known as
“hydrogen passivation”.
In addition to the observed hydrogen passivation of shallow impurities in SiC
crystals, it is important to know whether, and how, hydrogen present in the epi – reactor
can passivate doping impurities during the growth of the material [10]. One problem is
that hydrogen passivation makes it difficult to know the true free carrier concentration in
the material. Also, variations in hydrogen incorporation affect the net doping density and
make process control difficult. This makes it essential for technologists to understand the
process of hydrogen passivation and its effects on the doping profile.
A lot of research has been going on in the past few years to study the effect of
hydrogen passivation in silicon carbide. Table 1.2 presents a list of various research
groups working in this field. This table has been included to give an overview of the
progress in this field of study. Since hydrogen is a very small atom, it is not too difficult
to see how subsequent sample processing might result in the formation of H complexes in
both ion implanted and epitaxial SiC.
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Table 1.2 Hydrogenation and De-hydrogenation processes by various research groups.
Research
Group

Sample
Types

Hydrogenation
Process

De-Hydrogenation
Process

Characterization
Techniques

p-type &
n-type

Samples
annealed in a
furnace filled
with ultrapure
molecular
hydrogen at 10
bar pressure and
at temperatures
of 1500-1700o C
for 10-20 hours.

Hydrogenated samples
were placed at the same
pressure and
temperature conditions
in He atmosphere.

Hall Measurements
& Electron Spin
Resonance (ESR)
Measurements

p-type &
n-type

Samples were
implanted with
H2 + molecular
ions with 600eV
at 680K

Reverse Bias
Annealing

CapacitanceVoltage (CV)
profiling &
Thermal
Admittance
Spectroscopy
(TAS)

Gendron
et al.[12]

n-type &
n+-type

Same as in [10]

Same as in [10]

Same as in [10]

Hulsen et
al.[11]

p-type

Samples were
impanted with H
isotopes at
temperatures
between 300 K
and 680 K

De-hydrogenation not
performed

CapacitanceVoltage (CV)
profiling &
Thermal
Admittance
Spectroscopy
(TAS)

Larkin et
al.[4]

p-type

Hydrogen
incorporation
during epilayer
growth in CVD
reactor

Samples were annealed
at 1700o C in argon.

Secondary Ion
Mass Spectrometry
(SIMS), CV
profiling, Low
Temp.Photolumine
-scence

Gendron
et al.[10]

Achtizger
et al.[9]

During the course of this work, a process has been developed for hydrogenating
and de- hydrogenating the SiC crystal lattice to provide a means for better understanding
the impact of hydrogen on dopants in silicon carbide. Chapter II discusses in detail the
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various characterization techniques (both electrical and optical) that can be used to study
the effect of hydrogen passivation. A phenomenological physical model showing how
hydrogen might incorporate in silicon carbide crystal at dopant sites is proposed. Chapter
III focuses on the hydrogenation and de-hydrogenation processes that were developed
during the course of this work. Chapter IV discussed on the photoluminescence
equipment used for characterization and also and the results obtained, which proved that
the process developed was successful in incorporating hydrogen and driving it out of the
lattice. Finally, Chapter V describes future work involving better characterization
techniques that could be used for observing these results in a more effective manner.

CHAPTER II
THEORY AND EXPERIMENTAL METHODS
What is Hydrogen Passivation?
The intrinsic material advantages of silicon carbide are currently being exploited in the
development of high power and high frequency semiconductor devices for service in high
temperature, corrosive and high radiation environment [4]. However, in order to obtain
the theoretically calculated advantages of using SiC, advancements are needed both in the
field of bulk growth and epilayer growth of SiC [4]. For example, improvements in the
bulk growth of SiC are needed for the elimination of device limiting defects such as
micropipes and closed-core screw dislocations [4]. Other advancements are also needed
in the growth process of epitaxial layers in silicon carbide. In particular, dopant
incorporation both during the growth of SiC epilayers or by io n implantation must be
understood and reliably controlled which will help to achieve desired device results [4].
In Silicon Carbide, hydrogen incorporation is known to occur during epitaxial growth
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by chemical vapor deposition since CVD growth uses C3 +SiH4 and hydrogen as a typical
carrier gas. It has also been observed that hydrogen incorporation occurs during plasma
treatment, ion implantation, or treatment in hydrogen gas [11]. In most reports, hydrogen
trapping at defects plays a significant role. The process temperatures necessary to induce
detectable mobility of hydrogen in SiC crystals are in excess of 900 K [11]. Hydrogen
forms complexes with known dopants in SiC (both donors and acceptors) and has been
observed to make them electrically inactive [12]. The presence of hydrogen therefore
reduces the effective carrier density within the material and masks the true dopant level.
This process is usually referred to as “hydrogen passivation of silicon carbide”.

Proposed Phenomenological Passivation Model
In this section of the thesis, we propose a phenomenological structural model for
the hydrogen passivation effect in silicon carbide. Hydrogen passivation has been
observed in both p-type and n-type SiC with the observation of the latter being less
observable. But before presenting the model, one has to take into account various factors
such as the atomic number of the dopant species, its activation energy in the SiC lattice,
number of valence electrons, etc. All of these values have been tabulated in Table 2.1.
Considering all of the above- mentioned factors, a model has been developed for the most
common dopants such as nitrogen donors and aluminum or boron acceptors present in
silicon carbide along with hydrogen. At first an intrinsic, i.e., undoped SiC sub- lattice is
presented [see Fig 2.1]. Next, the sub- lattice structure for nitrogen doped SiC along with
hydrogen is proposed [see Fig 2.2]. The proposed sub- lattice structure is shown for
acceptor doped (Al or B) SiC in Fig 2.3.
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Table 2.1 Atomic Number and Activation Energies of the most common dopants in SiC

Atomic
Number
Activation
Energy in
4H-SiC
Activation
Energy in
6H-SiC

N donor

Al acceptor

B acceptor

[15-17]

[18-22, 29]

[20, 22-29]

7

13

5

EDh = Ec - 52.1 meV
EDk = Ec - 91.8 meV

EA = Ev + (0.19 - 0.23) eV

EA = Ev + (0.285 - 0.39) eV

EA = Ev + (0.20 - 0.25) eV

EA = Ev + (0.27 – 0.40) eV

EDh = Ec - 81 meV
EDk1 = Ec - 137.6 meV
EDk2 = Ec - 142.4 meV

The most common acceptor impurities (Al or B) can be introduced during growth
or afterwards by ion implantation. A substitutional atom with a group – III valency
normally acts as an acceptor in SiC since there is a deficit of one valence electron to
complete the tetrahedral bonding. At sufficiently high temperatures, it ionizes and gives
rise to p-type conduction. On the other hand, an atom with a group – V valency normally
acts as a donor in SiC since there is an excess of one valence electron. Since SiC is a
compound semiconductor, an additional variable is which lattice site (Si or C) the dopant
occupies. Boron and Aluminum are known to substitute for the silicon site in the
structure and nitrogen is known to replace carbon [see Fig 2.2 and 2.3 respectively].
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Carbon
Silicon

Fig 2.1 Structure of intrinsic silicon carbide sub-lattice with the highlighted section
indicating the region of structural re-arrangement due to incorporation of hydrogen along
with dopants. All bonds are covalent and shown with a double line.
Carbon
Silicon
Nitroge
Hydrogen

Fig 2.2 Structural re-arrangement of silicon carbide crystal lattice due to incorporation of
hydrogen along with n-type (nitrogen) dopant. Note: fifth electron from the N dopant
forms covalent bond with the H atom (N-H covalent bond) thus neutralizing the free
electron
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Carbon
Silicon
Boron
Hydrogen
Hole

Fig 2.3 Structural re-arrangement of silicon carbide crystal lattice due to incorporation of
hydrogen along with p-type (boron) dopant. Note: hole formed by B atom consumed in
C-H bond thus negating hole in lattice.
Moving on to the next figure, [see Fig 2.2], silicon carbide doped with nitrogen
(n-type dopant) is shown. The bold lines highlight the region of the sub- lattice where
there is structural re-arrangement due to the introduction of nitrogen along with hydrogen
incorporation. As shown in Table 2.1, nitrogen is a group V element and is known to
replace carbon in the SiC lattice. Four valence electrons form bonds with neighboring
silicon atoms and the fifth (excess electron) bonds with hydrogen [see Fig 2.2]. Thus
hydrogen “passivates” the N donor by tying up with the fifth electron in a N-H bond.
Considering p-type doping [see Fig 2.3], boron and aluminum are known to
replace silicon atoms in the SiC lattice. Both of these elements belong to the same family
(group IV) and have the same number of valence electrons. Therefore, these elements
have very similar properties. Boron or aluminum are shown substituting for silicon but
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hydrogen fills the hole vacancy with a nearby carbon atom by forming a C-H bond. This
is highlighted in Fig 2.3 to show the re-arrangement of atoms in the SiC sub- lattice. From
this structural model, it is plausible that since hydrogen forms complexes with known
dopants in SiC, it can make the dopants electrically inactive and hence the free carrier
concentration decreases and the desired values are not observed. This effect can be
observed by making C-V and Photoluminescence (PL) measurements, as will be
described in the next section.
The free carrier concentration has been observed to decrease after hydrogenation
due to hydrogen – dopant complex formation. The free concentration has been observed
to increase after de- hydrogenation (annealing the sample at high temperatures to break
the bonding existing between complexes). PL further supports this theory. After
hydrogenation, H- lines appear in the PL spectra illustrating the incorporation of hydrogen
in the sample. Also seen is the decrease in the intensity of the dopant lines in the spectra.
Measurements have been taken after de- hydrogenating SiC samples. The H- lines were
observed to disappear and the intensity of the dopant lines increased indicating a
reduction in the effect of hydrogen passivation. This discussion is presented in more
detail in the next chapter. Next, a detailed report is presented on the various experimental
methods used to study hydrogen complexes in SiC crystals.
Although these structural models form a basis to understand the phenomenon of
hydrogen passivation, they are only phenomenological models used to explain how
hydrogen may passivate silicon carbide dopants. A more detailed study is required to
generate a more realistic model considering the spin-density distribution and the actual
positions of replaced atoms in the structure to gain a thorough understanding of the
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structural re-arrangement. This discussion is continued in the future work section of this
thesis (Chapter 5).

Experimental methods
Numerous research groups have conducted various experiments to obtain a better
understanding of the hydrogen passivation effect in silicon carbide. Different
experimental methods such as Capacitance Voltage measurements (CV), Current Voltage
(IV), Photoluminescence (PL), Secondary Ion Mass Spectrometry (SIMS), Electron Spin
Resonance (ESR), Thermal Admittance Spectroscopy (TAS), free – carrier density and
associated Hall Mobility all taken before and after hydrogenation, have been used this
effect. The passivation effect in more pronounced for acceptors but has also been
reported for donors or deep – level centers [10, 12].
The effect of hydrogen on p-type samples doped with aluminum and n-type
samples doped with nitrogen were studied by Gendron et al [10]. Electron spin resonance
(ESR) measurements were performed on n-doped samples prior to and after
hydrogenation. After hydrogenation, the ESR lines were in the same location, but the
peak value dropped by 75 %. This suggests that 75 % of the spin – active centers have
been converted to spin – inactive N – H bonds. For p-type samples, there was a reported
drop to 68 % of its original value due to the formation of Al – H bonds [10].
Hall Measurements were also used to support this work. Gendron’s work is one
among the very few reported cases of hydrogen passivation observed in n-type samples.
Furthermore, to support his theory, experiments on both n and n+ samples were
performed. In this case ESR and SIMS experiments were used to support the findings. In
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this work, it has been reported that a lower passivation level for lightly doped n – type
material was observed and the reason proposed to be less efficient H – donor bonding and
not a H shortage, (i.e., reaction – limited, not transport – limited phenomenon) [12].

Optical Characterization Techniques: PL
Photoluminescence (PL) is one of the optical methods that has been extensively
used to study and understand the effect of hydrogen passivation in SiC. PL, also known
as flurometry, provides a non-destructive technique for the determination of certain
impurities in semiconductors. It is particularly well suited for the detection of shallow –
level impurities, but can be applied to certain deep – level impurities, provided their
recombination is radiative. Identification of impurities is easy with PL, but measurement
of impurity concentration is more difficult. PL can provide simultaneous information on
many types of impurities in a single sample. However, only those impurities that produce
radiative recombination can be detected. Fortunately, many impurities fall within this
category [13].
The sample is placed in a cryostat and cooled to temperatures near liquid helium
(~ 4K). Low temperature measurements are necessary to obtain the fullest spectroscopic
information by minimizing thermally activated non-radiative recombination processes
and thermal line broadening. Even more important is to reduce thermal disassociation of
specific complexes (like bound and free excitons etc.). Impurity identification by PL is
very precise because the energy resolution of the technique is very high (spectrometer
resolution is in the order of angstroms). It is the concentration measurement that is more
difficult because it si not easy to draw a correlation between the intensity of a given
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impurity spectral line and the concentration of that impurity. This is due to the nonradiative recombination through deep – level bulk or surface recombination centers. This
problem can been overcome by measuring both the intrinsic and the extrinsic PL peaks
and using their ratio [13]. It has been observed that the ratio of XT O(BE) / IT O(FE) is
proportional to the dopant density. XT O(BE) is the transverse optical phonon PL intensity
peak of bound excitons for element X= B or P, and IT O(FE) is the transverse phonon
intrinsic PL intensity of free excitons.
The PL technique has been effectively used to study the effect of hydrogen
passivation in silicon carbide by identifying the impurities before and after
hydrogenation. It is used to identify impurity lines and the extent of impurity passivation
after hydrogenation. Many researchers have used the PL technique effectively to study
this phenomenon. For example, Henry et al observed the intensity of impurity and
intrinsic luminescence lines reflecting the impurity doping concentration [14]. A
calibration procedure was presented for nitrogen impurities in 6H – SiC. Effects of
excitation density and temperature during the photoluminescence experiments, as well as
the observation of acceptor related lines, were also discussed. In addition, CV
measurements were used to determine the concentration of nitrogen which were
compared with the PL spectra [14].

Electrical Characterization Techniques: SIMS, CV
Secondary ion mass spectrometry (SIMS), also known as ion microprobe and ion
microscope, is one of the most powerful and versatile analytical techniques for
semiconductor chemical species characterization. The technique is element specific and
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capable of detecting hydrogen directly. To further illustrate its usefulness, let us consider
the work of Achtziger et al who used this technique to show the hydrogen passivation
effect in a p-type sample [9]. Gendron et al reported passivation for both n – type and p –
type samples but these results have been in contrast many other results reported by other
researchers [10].

(a)

(b)

(c)

(d)

(e)

Fig 2.4 (a), acceptors in virgin p-type samples, (b)-(d), p-type samples implanted
with H at different temperatures, (e), n-type SiC implanted with H at a temperature of
300K. The CV profiles of the reference and the H implanted area are identical, only one
of them is plotted here. Data taken from Achtziger et al [9].

25
For instance, Achtziger et al reported that in p – type SiC, hydrogen may
effectively passivate acceptors. In n – type SiC, the incorporation of hydrogen was
suppressed and no passivation was observed. In this study, experiments were performed
on lightly doped epitaxial layers of n – type and p – type SiC and on heavily doped
substrates of the same conductivity type. Low energy ion implantation was done while
the sample temperature was varied between 300 K and 680 K. These samples were then
analyzed using CV measurements.
After implantation at 300 K, a step like hydrogen profile was detected and the
acceptors observed to be strongly passivated as detected by C – V measurements. At the
highest implantation temperature (680 K), there was a diffusion of hydrogen through the
entire epilayer and the reduction of the net acceptor concentration also extended
throughout the epilayer in the case of p-type samples. However, samples with n-type
conductivity were implanted with low energy ions only. At an implantation temperature
of 300 K, a small incorporation of hydrogen was found and at 680 K, no hydrogen was
detected [9] for n-type material unlike the p-type samples. This indicated that hydrogen
incorporation or diffusion is strongly suppressed in n – type material when implanted at
high temperatures and no electrical passivation via hydrogen occurs. These results differ
from the work of Gendron et al [9].
To show the effect of passivation in both n – type and p – type samples, SIMS
data from Achtziger’s work has been included [see Fig 2.2]. This figure shows the depth
profiles of chemical concentrations (solid lines measured by SIMS) and of electrically
active dopants. A straight horizontal line indicates the detection limit of SIMS. The
detection sensitivity of SIMS is good for many elements, but its sensitivity is not as high
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as electrical or optical methods. Optical measurements are very attractive because they
are almost always non-contacting with minimal sample preparation.
The material resistivity is related to the carrier concentration but the doping
density is not derived from resistivity measurements. The free carrier and doping density
are frequently assumed to be identical provided the material is not compensated. This is
generally true for uniformly doped materials. Electrical characterization methods are
generally preferred over optical methods since they yield the net doping concentration,
although both are often used. Among the electrical methods, capacitance – voltage (CV)
measurement is the most commonly used technique used to study the effect of hydrogen
passivation (and all doping for that matter). Capacitance profiling techniques require the
use of junction devices (schottky or pn junction). At times it is highly desirable to use a
device whose junction can be fabricated without subjecting the sample to high
temperature treatments, which might alter the hydrogen concentration. When a temporary
contact is needed, a mercury probe is frequently used. The mercury contact is formed by
mercury contacting the sample through a well-defined orifice, with the opening of the
orifice defining the contact area [13].
From the above discussion, it is clear that various experimental methods have
been used so far in the determination of hydrogen passivation in silicon carbide for a
better understanding of the phenomenon. In this work, we have used CV, IV, and PL
techniques to investigate the effects of hydrogen passivation in silicon carbide. SIMS was
not performed and is highly recommended as future work to ensure a thorough
understanding of this phenomenon. In the next chapter, a process for intentional
hydrogenation and de-hydrogenation of silicon carbide is presented. Various experiments
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were performed in the Emerging Materials Research Laboratory at Mississippi State
University to develop a standard process for hydrogenating/de- hydrogenating samples.
CV and PL measurements were used to study the extent of hydrogen passivation at each
step of the process. Finally the discussion continues with experiments performed on ptype samples and the results obtained from them (Chapter 4).

CHAPTER III
HYDROGENATION AND DE-HYDROGENATION PROCESS
Hydrogenation using a H-Plasma in the Reactive Ion Etching System
Many researchers have used various intentional hydrogenation techniques to
passivate dopants (both n-type and p-type) in silicon carbide. In fact, this method is used
to electrically neutralize dangling Si bonds in the Si- SiO 2 system and only recently has
been replaced with a fluorine-based passivation process. Hydrogen can be incorporated
into the SiC crystal by annealing the SiC wafers in a molecular hydrogen bath at high
temperature (1500 o C - 1700 o C) as reported in Gendron et al [12]. Hydrogen can also be
implanted into the sample at temperatures between 300 K and 680 K as reported by
Achtziger et al [11]. Many such techniques have been used to incorporate hydrogen into
the SiC crystal lattice. Placing the sample in an H-plasma can also incorporate hydrogen
[31]. Hydrogenation has been reported in the literature by placing the sample in a RF
hydrogen plasma at a pressure of 10-6 Torr and at temperatures ranging between 300 o C
and 700 o C with an RF power of 0.05 – 2 W cm-2 [31].
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A similar procedure was adopted here to hydrogenate the sample. This process
has many advantages as compared to the other methods such as low temperature
processing, quickness, non-expensive, and no surface damage occurs due to ion
implantation. Hence, this process for hydrogenation was found to be more suitable than
the rest and so was developed and used during the course of this work.
The EMRL reactive ion etching (RIE) system was developed because there was a
very strong need for an anisotropic etch with much higher selectivity than can be
achieved in ion milling. However, in this work, the RIE system is not used for etching,
but for hydrogen treatment of the sample by striking a hydrogen plasma. The RIE system
is a RF parallel – plate electrode (1356 MHz) plasma system developed by J. D. Scofield
of the Air Force Research Laboratory and is described elsewhere [34]. The sample is
placed on the bottom (anode) moly electrode. The effect of this arrangement is to
increase the potential difference from the plasma to the powered electrode and therefore
the energy of the ions bombarding the sample. Only low power plasmas are used, where
the mean free path in the plasma is at least on the order millimeters. In this region, the
plasma remains in good contact with the reaction vessel (quartz, see Figs 3.3 and 4.3)
walls, and a large potential appears between the plasma and the powered electrode.
A schematic of the reactive ion etching system used for this work is shown in Fig
4.2. Hydrogen gas is introduced into the chamber at low pressure (~ 350 mTorr). The
mass flow controllers shown in the figure control the gas flow rates. RF power is
maintained between the two electrodes by the RF generator and an MFJ rolling inductor
load impedance tuner. Pressure is maintained in the chamber by manual adjustment of a
throttle valve between the chamber and a roots blower pump. The chamber is enclosed in
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Fig 3.1 Schematic of the Reactive Ion Etching System used for hydrogenation

Fig 3.2 Reactive Ion Etching system, Emerging Materials Research Laboratory. A quartz
vessel is used to contain RF plasma. Shown is O2 plasma used to clean samples during
photolithography.
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a metal RF shield enclosure, which also serves as a safety shield. The process parameters
used were identical to the process used during the initial experiments described in the last
chapter and are tabulated below for reference. The method used was successful to
incorporate hydrogen into the crystal lattice.

Hydrogenation Process
Hydrogen is known to reside in SiC films after epitaxial growth. Since any
detailed study of the impact of hydrogen on the doping in the crystal requires the
systematic incorporation of hydrogen, this research has focussed on developing a
controlled, repeatable means for introducing hydrogen into the lattice. A means to
remove hydrogen from the crystal may also be required for some applications and for H
investigation. Both of these functions have been achieved in our laboratory and are
described here starting with the process to introduce hydrogen into the lattice.
Hydrogenation is a process that involves the incorporation of hydrogen into the crystal,
where it may subsequently alter the electrical properties of the material. Hydrogenation
can be done intentionally using experimental methods such as exposing the sample to
hydrogen plasma, or annealing the sample in a molecular hydrogen environment.
Extensive research is on going in the SiC community to gain a better and thorough
understanding of the hydrogen passivation.effect in SiC [9,10,11,12].
Hydrogenation can also occur during the various process steps involved in
fabrication, such as plasma treatment of the sample, epitaxial growth using chemical
vapor deposition (CVD), ion implantation, or treatment in hydrogen gas. As discussed
earlier, hydrogen is known to be trapped at defects or impurities and to alter the electrical
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properties of the material. To support this work, experiments were performed in the
Emerging Materials Research Laboratory, Mississippi State University, which are now
described.
The sample was first cleaned using the standard organic cleaning procedure for
SiC (15 min. ultrasonic clean in acetone, 15 min. ultrasonic clean in isopropyl alcohol,
rinse with DI water, hot sulphuric acid bath for 15 min., rinse in DI water for 15 min. and
N2 dry). Sample cleaning was performed after every processing stage. After cleaning the
sample was placed in the reactive ion etching System (RIE) [see Fig 3.3] and a hydrogen
plasma was struck. The plasma parameters are listed in Table 3.1. A ½ hour run was
performed, which was later found to be sufficient enough to hydrogenate the sample. The
gas temperature at this pressure and power [see table 3.1] was estimated to be
approximately 160 o C [30]. However, the electrode temperature is significantly higher
due to the large amount of energy deposited by the energetic ions in the plasma. The
electrode temperature was estimated to be between 300 – 400 o C [30]. The process
parameters are tabulated below (see Table 3.1).

Table 3.1 Process parameters for hydrogenation of silicon carbide
Process

Parameters

H Gas Flow

15 – 17 sccm

RF Power

50 watts

Pressure

350 mTorr

Electrode Spacing

1 inch

Run Time

30 minutes
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Fig 3.3 Process Flow Diagram for hydrogenation of silicon carbide crystals
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De-hydrogenation Process
In order to investigate efficiency of dopant reactivation, high temperature
annealing can be performed (a process known as “de-hydrogenation”). De- hydrogenation
can be performed on hydrogenated samples or on samples that already contain H after
growth by reverse bias annealing as reported by Achtziger et al [11]. Annealing the
sample at temperatures between 1500-1700 o C in a helium atmosphere can also dehydrogenate the sample as reported by Gendron et al [10]. Various other techniques have
been used in the past to anneal out hydrogen from the sample. It is necessary to determine
the optimum anneal temperature that would be required to break the hydrogen-dopant
complexes and hence drive hydrogen out of the sample. During the initial experiments,
these factors were not taken into account. The sample was annealed in the CVD reactor
along with other samples to see if the sample could be de-hydrogenated and hence reveal
the true dopant level. A standard procedure was needed for de- hydrogenation and is now
described.
After intentional hydrogenation, the sample was placed in the Thermco diffusion
furnace (see Fig 3.4) in Emerging Materials Research Laboratory. The sample was
annealed at a temperature of 500 o C in argon ambient for 30 minutes. Argon is an inert
gas and does not react with the surface of the material. PL spectra were analyzed after
annealing and it was found that the hydrogen lines still appeared, as in the earlier case,
indicating the presence of hydrogen. The conclusion was that 500 o C was insufficient to
drive hydrogen out of the crystal. The process parameters needed to be changed in order
for successful de-hydrogenation (i.e., increase the anneal temperature).
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Fig 3.4 Thermco oxidation furnace, EMRL, MSU used for de-hydrogenating the sample
(Annealing perfomed at 1000 o C).
Table 3.2 Process Parame ters for De-hydrogenation of SiC Crystal
Process

Parameters

Sample

MSU #00-6H-92B

Argon gas Flow

9sccm

Temperature

1000 o C

Anneal Time

30 minutes

De-hydrogenation is a high temperature anneal process necessary to drive
hydrogen out of the SiC crystal lattice. To develop a standard procedure for dehydrogenation, annealing was again performed at 1000 o C using the same experimental
set up, which was later proved to be a successful method for de-hydrogenation.
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Henceforth, annealing at 1000 o C in an oxidation furnace in an argon ambient has been
established as the standard procedure to drive hydrogen out of the lattice to reveal the
true free carrier concentration level. The process parameters for de-hydrogenation are
tabulated below (see Table 3.2).
START

ANNEALING IN
OXIDATION FURANCE
AT 1000 OC

PL & CV
MEASUREMENTS

H-LINES
OBSERVED
?

YES

NO

DE-HYDROGENATION
SUCCESSFUL

STOP

Fig 3.5 Process Flow Diagram for De- hydrogenation of Silicon Carbide Crystals.

CHAPTER IV
PL CHARACTERIZATION, RESULTS AND DISCUSSION
As discussed earlier, a process is needed to control the incorporation of
hydrogen in the SiC crystal lattice to alter the electrical properties of the material.
Initial experiments on a boron-doped sample were used to establish the hydrogen
passivation effect. Later on the same experiments were carried out on an Al-doped
sample to further establish the hydrogenation and de- hydrogenation process. This
chapter also discusses in detail the photoluminescence equipment used for
characterization.
Photoluminescence Characterization Equipment
Deep UV lines from a Spectra Physics Beamlock 2085 Series Ion Ar+ laser
were used as a PL excitation source. A 305 nm deep UV line - the shortest
wavelength available - with the penetration depth of below 3 (m in 6H SiC was
chosen as the most suitable for characterizing thin 6H SiC epitaxial layers.
Photoluminescence (PL) spectra were analyzed using a SPEX 500M grating
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spectrometer coupled with a Hamamatsu R928 multi-alkali photo- multiplier tube
(PMT).
Visible and UV photoluminescence was detected using photon counting. Low
temperature PL spectra were measured by mounting the samples on the cold finger of
a variable temperature liquid He closed cycle cryostat operating in the temperature
range between 6.5 and 300 K. The lowest temperature on the sample during
measurement in the closed cycle cryostat was estimated to be about 10 K. The 4.2 K
spectra were obtained by immersing the samples in liquid He in an open cycle
cryostat.
Lock- in
amplifier

Optical Bench

PMT

Cryostat or
Moving Stage

Ge

Sample

Aperture

Mechanical
Chopper

UV

Ar Laser

Grating
Spectrometer

Fig 4.1 Schematic Diagram of the LTPL Equipment used during this work to detect
hydrogen in the SiC lattice
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Temperature dependence of the photoluminescence lines of interest was
analyzed and it was taken in to account while comparing spectra measured at 4.2 K
with that obtained at higher temperatures. A schematic diagram of the
photoluminescence equipment used for this purpose is shown below (see Fig 4.1).

Initial Experiments: Boron - doped sample
A p-type epilayer sample was grown using the EMRL CVD reactor using a
BN doping source to B-dope the layer (sample #00-6H-61B). This sample was
observed by PL to have hydrogen present after growth [31]. The PL spectrum [see

PL (Arbitrary Units)

Fig 4.2] from this sample after growth shows the detected hydrogen line.
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Fig 4.2 Photoluminescence (PL) spectra of B-doped sample #00-6H-61B post growth
and post de-hydrogenation. Data provided by Dr. Y. Koshka.
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It can be seen that there is a considerably visible hydrogen peak indicating the
presence of hydrogen in the sample. Capacitance – Voltage (CV) measurements using
a mercury probe [see Fig 4.3a] were taken to measure the free carrier concentration
(holes). The net doping density was on the order of (1-2) x 1016 cm-3 .
In order to drive hydrogen out of the sample, high temperature annealing was
performed along with other samples in the CVD reactor during an ion implant anneal
run (T = 1700 o C, 6 slm argon flow, 6 sccm silane, t = 30 minutes) [8]. PL and CV
measurements were taken after annealing. It can be seen from from the PL spectra
[see Fig 4.2] (bottom trace) that the hydrogen originally present in the sample has
been greatly reduced in concentration and perhaps even removed. The free carrier
concentration is expected to increase considerably after de-hydrogenating the sample
because the dopant-hydrogen complexes are believed to no longer exist. However,
there was no clear indication of an increase in the free carrier concentration as seen in
the CV profile (see Fig 4.3b) although a slight increase in the doping was observed
(but within experimental error of our CV technique).
It is speculated that the reason for this could be the inability to break H-B
complex in the sample and thus only free hydrogen would have outdiffused. Time did
not permit us to measure the diffusion depth of hydrogen into the sample but this is
the subject of continuing work in our laboratory.
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Post Growth

(a)

Post De-hydrogenation

(b)

Fig 4.3 (a), Free carrier concentration of B-doped sample #00-6H-61B post growth
(hydrogen detected via PL), (b), Free carrier concentration after de-hydrogenation
From these initial experiments it can be understood that hydrogen can be
incorporated into the sample during the epitaxial growth in the CVD reactor and the
sample could be de-hydrogenated by high temperature annealing. Now that the
sample (#00-6H-61B) was observed to no longer possess hydrogen lines,
hydrogenation in the RIE system using a hydrogen plasma was attempted.
Photoluminescence (PL) [see Fig 4.4] and CV measurements [see Fig 4.5a]
were taken to check for hydrogen lines and to note the free carrier concentration in
the sample after hydrogenation, respectively. The same scale has been used in the
both PL plots (before and after annealing) but one spectrum has been shifted up in
energy for ease of viewing. As expected, the PL spectrum after hydrogenation shows
strong hydrogen peak lines indicating its presence in the sample. The strong hydrogen
line that is seen in the plot post hydrogenation is attributed to a hydrogen-vacany
complex.

PL (Arbitrary Units)
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Fig 4.4 Photoluminescence (PL) spectrum of B-doped sample #00-6H-61B post
hydrogenation and post de- hydrogenation. Data Provided by Dr.Y. Koshka
This data provides evidence of successful hydrogen incorporation into the SiC
crystal lattice. The CV profile indicates the free carrier concentration after
hydrogenation. CV data has been taken for comparing the free carrier concentration
before and after annealing. The free carrier concentration would be expected to
increase after annealing if the dopant-hydrogen complexes no longer exist due to
hydrogen being driven out of the sample. But, as in the earlier case, no considerable
change in the free carrier concentration is observed (see Figs. 4.5 (a), 4.5 (b)
respectively)

43

Post hydrogenation

Post de -Hydrogenation

(a)

(b)

Fig 4.5 (a), Free carrier concentration of the B-doped sample #00-6H-61B post
hydrogenation and (b) free carrier concentration post de-hydrogenation.
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Fig 4.6 PL Spectra of Al-doped sample # 00-6H-92B post growth, post
hydrogenation, and post de- hydrogenation. Data provided by Dr. Y. Koshka.
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It may also be noted that the study is limited to 6H-SiC only because there is
no evidence of an influence of the polytype on the hydrogenation process [9]. The
sample used to refine the process was an Al-doped p-type SiC epi sample (#00-6H92B). Unlike the boron-doped sample, this sample did not reveal any hydrogen lines
after epilayer growth as observed by PL. However, strong Al- lines were present after
growth (see Fig 4.6). To refine the hydrogen processing procedure outlined earlier,
this sample had to be intentionally hydrogenated using the H-plasma process
developed at the Emerging Materials Research Laboratory.

Post growth

(a)

Post hydrogenation

(b)

Post de-hydrogenation

(c)

Fig 4.7 (a), Free carrier concentration of Al-doped sample #00-6H-92B post growth,
(b), free carrier concentration post hydrogenation, (c), free carrier concentration post
de-hydrogenation.
It may be noted that the Al- lines observed after growth have been passivated
effectively due to the introduction of hydrogen (after hydrogeantion). A short peak of
hydrogen can also be seen after hydrogenation. After de-hydrogenation (annealing at
1000 o C), it can be seen that aluminum is de-passivated (Al- lines not seen) and the
short hydrogen peak (observed after intentional hydrogenation) has disappeared.
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From these results it can be established that successful hydrogenation and dehydrogenation has been carried out. CV measurements were also taken (see Fig 4.7a)
after growth to provide a baseline net doping density for future comparison.
Though PL results clearly show the effect of passivation in silicon carbide due
to hydrogen incorporation, it is hard to determine the same results from CV
measurements (see Figs 4.7 (b) and 4.7 (c)). There is no considerable change in the
free carrier concentration after hydrogenation and after de-hydrogenation. As in the
earlier case, the reason for this could be the shallow diffusion depth of hydrogen,
which was undetected by CV. It can also be speculated that only free hydrogen atoms
were driven out of the sample after high temperature annealing and there could still
be a considerable amount of hydrogen present in the sample because of unbroken
dopant-hydrogen.
A repeatable process for hydrogenation and de-hydrogenation of the SiC
crystal lattice was developed during the course of this work. There are certain other
parameters, which were not taken into consideration during the developme nt of this
process, such as the diffusion depth of hydrogen into the sample and species
observation via concentration characterization techniques such as Secondary Ion
Mass Spectrometry (SIMS). These issues are discussed in detail next in the future
work chapter of this thesis.

CHAPTER V
CONCLUSION

During the course of this work, a process for hydrogenation and de- hydrogenation
of silicon carbide was developed. This permits the control of hydrogen incorporation into
the crystal lattice and as well as provides a means to influence the electronic properties of
the material.
Initial experiments demonstrated that hydrogen could be removed from the lattice
and then re- introduced. These experiments provided motivation to develop a repeatable
hydrogenation process to gain a better understanding of the hydrogen passivation effect
in silicon carbide. A standard process for hydrogenation and de-hydrogenation of the
crystal lattice was developed henceforth. Photoluminescence (PL) and capacitance –
voltage (CV) measurements were taken at every processing stage to monitor the
hydrogen content in B and Al doped 6H-SiC epitaxial layers. A phenomenological
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structural model for the hydrogen passivation effect in the silicon carbide crystal (both ntype and p-type) has also been presented. This is intended to provide a better
understanding of the bonding complexes between hydrogen and dopants in the lattice and
the resulting structural re-arrangement that takes place due to hydrogen incorporation.
Hydrogenation was performed using the Reactive Ion Etching System in the Emerging
Materials Research Laboratory at Mississippi State University via a hydrogen plasma.
Thermal annealing of SiC samples at sufficiently high temperature (1000 o C) in an argon
environment using the Thermco oxidation furnace provides the de- hydrogenation
function. The hydrogenation and de-hydrogenation processes were performed
successfully as verified by electrical and optical characterization techniques.

Future Work
Though a process for hydrogenation and de- hydrogenation was developed during
this work, it has lacked a reliable chemical species concentration characterization
technique. CV measurements that were performed to measure the free carrier
concentration were of little value in measuring the influence of hydrogen on the net
doping concentration. This is because the hydrogen incorporation in the lattice is very
shallow while the CV method assesses the carrier concentration further into the crystal.
Moreover, the free carrier concentration consisted of either ND-NA for n-type or NA-ND
for p-type crystals. It was hard to distinguish the concentration of individual elements in
the crystal lattice since SIMS measurements were not performed (this would help
determine the acceptor dopant concentration). Fortunately, Photoluminescence (PL)
measurements provided an accurate picture of the hydrogen effect in the lattice. Different
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elements present in the sample after each processing step are identified using the PL
method. However, PL has its own limitations. Though the presence of particular chemical
elements was observed, the precise measurement of the concentration of these elements is
not possible with PL. Assumptions can be made based on the intensity of the elemental
lines observed.
Secondary Ion Mass Spectrometry (SIMS) is one of the standard characterization
techniques used to assess impurity concentrations in semiconductors. SIMS has good
detection sensitivity for many elements with the detection of Al and B in the SiC matrix
being on the order of 4 x 1014 cm-3 . As a result, it is one of the most powerful and
versatile analytical techniques for semiconductor chemical species characterization.
Moreover, this technique is element specific and is capable of detecting all chemical
elements including hydrogen as well as their isotopes and molecular species. Even
though SIMS is a destructive method, considering its reliability many researchers use it to
study the effect of hydrogen passivation by measuring the dopant densities before and
after hydrogenation [9]. More importantly, SIMS is one of the only analytical tools
capable of detecting hydrogen directly. It is highly recommended that future work utilize
SIMS to completely assess the chemical impurities in the SiC lattice.
The diffusion depth of hydrogen after hydrogenation was not measured in this
study. It is necessary to perform this measurement to eliminate any assumptions made
during characterization. Free carrier concentration after hydrogenation should have
decreased because of the formation of dopant- hydrogen complexes. Although this was
observed with PL measurements, these results were not observed by CV measurement. It
is speculated that the reason for this could be the shallow diffusion depth of hydrogen in
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the crystal. This reasoning could be substantiated if the hydrogen diffusion depth were
known. Hydrogenation could be performed for a longer duration to diffuse hydrogen to
deeper level in the SiC lattice. Also, use of a higher RF power H-plasma could perform
the same function. This work coupled with etch studies should result in diffusion constant
of hydrogen. Etching could be performed repeatedly on a hydrogenated sample until
hydrogen lines disappear in the PL spectrum. A stylus profilometer could then be used to
measure the etch depth which would be proportional to the hydrogen diffusion depth
when the hydrogen lines vanish in the PL spectrum. It is recommended that future work
be done and this study conducted.
A phenomenological structural model for hydrogen passivation of SiC dopants
has also been proposed in this work. Structural re-arrangement after hydrogen
incorporation has been proposed for the most common dopants such as nitrogen (donors)
and aluminum or boron (acceptors) present in the silicon carbide crystal lattice. The
model proposed is very basic but should be helpful in understanding the hydrogen
passivation effect. However, this does not represent the exact chemical bonding model
taking into account all the factors that would have been necessary to develop a complete
model. It is suggested that a more detailed study be performed and a model be developed
which considers the spin-density distribution, actual positions of replaced atoms in the
structure, binding energy of the dopant-hydrogen complexes, etc.
Although this work has provided a means to study hydrogen passivation of
dopants in silicon carbide, it is recommended that the above- mentioned experiments be
performed in the future so that a better understanding of hydrogen in SiC can be obtained.
Our study was also limited to p-type samples due to time limitations and should be

50
extended further to n-type samples to develop a full picture of how hydrogen affects the
electrical and optical properties of SiC srystals.
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